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The collection of high-purity noble gases with recyclable nuclides provides substantial economic benefits
and minimizes the risk of environmental pollution, which is a future development tendency for nuclear
industries. Here, Ce-SINAP-1, with its radiation-resistance (up to 20 kGy of y-ray irradiation) and suitable
pore channels for the separation of noble gases (Ar, Kr and Xe), was synthesized. Ce-SINAP-1 exhibited
the selective adsorption of Xe (2.02 mmol g™%) over Kr (0.67 mmol g~ and Ar (0.27 mmol g~%) at 293 K
(1 bar) with a Henry's selectivity of 8.24 (Xe/Kr), and an ideal adsorbed solution theory selectivity of 14.9
(Xe : Kr 20 : 80). The result of the dynamic breakthrough experiment also indicates a good separation for
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Introduction

Xenon and krypton are essential sources applied in the indus-
trial and medical fields, such as imaging, anesthesia and
lighting in traffic systems.'* However, the collection and puri-
fication of xenon and krypton from air through cryogenic
distillation and membrane separation are expensive.>® The
recycling and storage of effluent radioactive noble gases from
nuclear reactors and reprocessing plants are new approaches
for sustainable development, which can mitigate air pollution
problems and reduce health risks.”® Porous materials as
modified zeolites and activated carbons have been extensively
used in nuclear infrastructure for radioactive noble gas treat-
ment due to their economical character and easy-operability.>*°
While those materials cannot reach a high Xe/Kr separation, the
selectivity approximately ranges from four to six."***
Metal-organic frameworks (MOFs) with multifarious chem-
ical functionalities, tunable pore sizes, high porosity, and
various topological structures, have undergone rapid develop-
ment, providing substantial advantages in applications such as
catalysis, gas storage and purification.'*° Studies on the sepa-
ration of natural gases, such as CH,, C,H, and iodine vapor
using MOFs have drawn considerable attention.*>* Further-
more, studies on the selectivity of Xe/Kr with MOFs under
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irradiation conditions have emerged with the development of
nuclear energy.>* Thallapally et al. proposed a concept of
a two-bed radioactive off-gas treatment with Ni/DOBDC and
FMOF-Cu.”** Sameh et al. synthesized a SIFSIX-3-M (Cu, Zn,
Co, Fe, Ni) series. SIFSIX-3-Cu showed a dynamic selectivity of
4.81 with Xe/Kr and 24.38 with Kr/N, in dry air, which could
endure 50 kGy B and vy irradiation.”** Yan et al. reported
a series of Zr-Fum MOF and UiO-66(Zr), the Zr-Fum-Me
possessed a Henry's selectivity of 14.8 with a dose of 8 kGy y-
ray irradiation resistant, UiO-66(Zr) owns a similar structure to
that of Zr-Fum with a Xe/Kr selectivity of 7.7 and 2 kGy v irra-
diation resistance.***

Cerium is a rare-earth metal in the lanthanide class pos-
sessing advantages of affordability and accessibility in nature.
Cerium is one of the typical nuclides and it is planed to remove
from the radioactive waste solution of nuclear facilities as the
target object with the sorption method.**** Alternatively, the
removable cerium can be recycled and reutilized in some ways
rather than treated as solid waste. In this study, Ce(v) and an
organic ligand (4,4',4”,4"”-methanetetrayltetrabenzoic acid,
H,4MTB) with a tetrahedral geometry were synthesized as MOF
adsorbents, namely Ce-SINAP-1 (SINAP = Shanghai Institute of
Applied Physics), to extend its application in the separation of
noble gases (Ar, Kr, Xe; Ar as the carrier gas that flows into the
reactor core vessel and purge Kr and Xe to the off-gas treatment
system). The coordination geometric features and high coordi-
nation numbers indicate that cerium-based organic frame-
works possess great stability in coordination geometries than
several other transition and alkaline earth metals. In addition,
irradiation experiments were conducted with Ce-SINAP-1 to
confirm its stability in the off-gas treatment system of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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a Thorium-based Molten Salt Reactor with liquid fuel (TMSR-
LF) designed by SINAP, Chinese Academy of Sciences (CAS).

Experimental section
Materials

All chemicals purchased from commercial suppliers were used
without additional purification. Ceric nitrate (Ce(NOs),) (99.9%,
Shanghai Macklin Biochemical Co., Ltd.), n-hexane (CH3(CH,),CH,)
(97%,  Shanghai  Macklin  Biochemical  Co.,  Ltd),
4,4' 4" 4"-methanetetrayl-tetra benzoic acid (H,MTB) (98%, Jilin
Chinese Academy of Sciences - Yanshen Technology Co., Ltd.),
N,N-dimethylformamide = (DMF, (CH;),HCON) (=99.0%,
Sinopharm Chemical Reagent Co., Ltd.), acetic acid (CH;COOH)
(=99.5%, Sinopharm Chemical Reagent Co., Ltd.).

Synthesis of Ce-SINAP-1

Organic ligand HyMTB (C,oH,,0g, 15.9 mg, 0.032 mmol) and
Ce(NO3); (12.4 mg, 0.032 mmol) was dissolved in 2.8 mL of
DMF, and then, 0.24 mL of CH;COOH was added in the solution
under homogeneous mixing. Next, the mixture liquid was
transferred into a 10 mL Teflon-lined stainless-steel vessel and
mechanically sealed. With an effective heating time (24 h) and
heating temperature (393 K), the vessel was allowed to move
from the oven and was cooled down at room temperature.
White transparent crystals were obtained and cleaned with DMF
several times to remove the unreacted ligands. Yield, 70.6%
according to H,MTB.

Characterizations

Single crystal X-ray diffraction (SCXRD). The Ce-SINAP-1
data were collected using a Bruker D8-Venture single-crystal X-
ray diffractometer (Mo Ko radiation, A = 0.71073 A). The
structure was solved using intrinsic phasing with the ShelXT*
structure solution program, and refined using the least squares
minimization with the ShelXL*® refinement package in Olex2.%*
The SQUEEZE routine in PLATON was used to remove highly
disordered solvent species in the voids. The crystallographic
data of Ce-SINAP-1 are presented in Table S1.T The selected
bond lengths and angles are presented in Table S2.t

Powder X-ray diffraction (PXRD). PXRD analyses were con-
ducted using a Bruker D8 Advance diffractometer with an image
detector and Cu Ko radiation (A = 1.5418 A) X-ray generator
operating at 40 kV and 40 mA. Data were collected at a rotation
rate of 2.0 ° min " in the range of measurement from 5° to 40°
at room temperature in continuous PSD fast scan mode.

Thermogravimetric analysis (TGA). Thermogravimetric
analysis was conducted in N, atmosphere at a heating rate of
10°Cmin~" from 25 °C to 750 °C by using a NETZSCH STA 449C
Jupiter thermal analyzer.

Stability tests

v-Ray irradiation resistance measurements. y-Ray irradia-
tion tests were performed using a °°Co irradiation source (2.22
x 10" Bq). All irradiation tests were conducted at ambient
temperature.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Gas adsorption measurements

Before gas sorption measurements, approximately 40 mg of
samples were filtered and transferred in n-hexane for 6 h to
exchange the high boiling point guest solvent in the pores. N-
Hexane was used as the low boiling point and low surface
tension solvent that could optimize the activation process and
pore volume occupied by the high boiling point guest solvent.
The samples were pretreated in a quartz vessel by mechanical
and molecular pump under high vacuum conditions (<1.0 Pa)
for 12 h under continuous heating at 393 K.

N, and noble gas sorption curves were analyzed by an ASAP
2020 surface characterization analyzer from Micromeritics
Instruments Corporation with ultra-high purity gases from Air
Liquid Company and Newradar special gas company (He, Ar, Kr,
Xe and N,; >99.999%). N, sorption experiments were carried out
at 77 K in a liquid nitrogen bath. Noble gas isotherms were
obtained at 273 K, 293 K and 313 K using a cooled Dewar,
respectively. The isothermal points and Brunauer-Emmett-
Teller specific surface area (BET) were analyzed through the
ASAP 2020 software.

Gas breakthrough experiments

Before the dynamic breakthrough experiment, approximately
0.5 g of activated Ce-SINAP-1 samples (n-hexane solvent
exchanged and effectively heated at 393 K under high-vacuum
conditions for 12 h) were packed into a stainless-steel column
(length: 20 cm, ¢ 4 mm) with silica wool filling at both ends,
which was swept with 10 mL min~" helium gas for two hours at
393 K. During the experiment, a test gas (5 ppm of Kr, 50 ppm of
Xe, >99.999% Ar) flowed into the packed bed at 293 K at a rate of
2 mL min~" in a temperature-controlled chamber. A Shimadzu
2014 gas chromatograph was used for the gas concentration
measurement. A flow controller (Kofloc 8500, 0-20 mL min %),
gas mixture (AMETEK MGB1000) and pressure gauges (Fluke,
0.00-100 kPa) were equipped in the test platform of dynamic
sorption. (Fig. S147).

Results and discussion

Ce-SINAP-1 (Ce(MTB) (C3H,NO5),(H,0)5) was obtained through
the solvothermal reaction with the mixture of HyMTB, Ce(NO3),
and CH3;COOH solved in a DMF solution in a mechanical sealed
vessel under the 393 K effective heating condition for 24 h. The
single crystal X-ray diffractogram reveals that Ce-SINAP-1 was in
a triclinic crystal system and had the P1 space group. One
asymmetric single unit is composed of one Ce*" ion, one MTB*~
ligand and six O*>~. H,MTB lost its four protons to form MTB*",
whose O atoms were all combined to Ce** as the point of
junction. Each Ce"" center was surrounded by eight O atoms
including six O atoms from three bidentate carboxylate groups
and two O atoms from two monodentate carboxylate groups,
which formed a trigonal tetrakaidekahedron coordination
geometry. Two CeOg formed binary clusters, which served as
connected nodes for constructing a 3D framework (Fig. 1a,
d and S11). The eight MTB*~ ligands and six CeOg binary
clusters generated an octahedron cage with a size of
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Fig. 1
Ce-SINAP-1. (e) The simplified topological net of Ce-SINAP-1.

approximately 25.8 A x 21.0 A x 21.2 A according to the
distances of opposite vertices (Fig. 1b). The solvent accessible
volume in the fully evacuated Ce-SINAP-1 was about 58.6%
estimated by PLATON. It revealed that with an effective activa-
tion process, the volume of cages was available to accommodate
Xe, Kr and Ar atoms. The rhombohedral windows connected to
the cages with an approximate size of ~8.6 A x 8.8 A (Ce1-C and
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Fig. 2 N, adsorption (solid dot)/desorption (hollow dot) isotherms for
the activated Ce-SINAP-1 samples at 77 K before and after the y-ray
irradiation.
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(a) The coordination of the tetrahedral ligand. (b) The rhombohedral windows. (c) The octahedron cage. (d) The 3D porous structure of

C-Cela, respectively), which functionalized the separation and
transport of noble gases due to the dynamic diameter (Fig. 1c).
As the Xe/Kr selectivity and adsorption capacity were correlated
to the geometric properties, the size of the channel approxi-
mately from 4.1-8 A (dynamic diameter of Xe: 4.1 A) (Fig. S71)
was accessible for the Xe adsorption and separation among the
noble gases.>>*

TGA was conducted at 25-750 °C under N, atmosphere for
the as-synthesized samples and samples after activation
(Fig. S37). The 33.61% loss of weight from 30 °C to 260 °C may
be attributed to the water and high-boiling solvent DMF in the
pores of the samples. The activated sample did not lose much
weight from 30 °C to 250 °C, and it showed that the activation
process almost made the sample free of the guest solvent. The
downtrend of both curves reveals that the structure probably
began to collapse to some extent. The resultant structure was
totally damaged until 550 °C.

The PXRD analysis indicated that the patterns of the as-
synthesized samples were consistent with the simulated one.
Moreover, Ce-SINAP-1 retained its structure under the activa-
tion process and ionizing radiation (y-ray irradiation) after total
doses of 20 kGy (Fig. S4t). The in situ PXRD analysis was con-
ducted under N, atmosphere from 150 °C to 450 °C. The
material kept a good crystal structure under 250 °C. When the
temperature reached 350 °C, the characteristic peaks weakened,
which revealed that the crystal began to collapse. When the
temperature rose to 450 °C, the characteristic peaks almost

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) Xe adsorption isotherms for Ce-SINAP-1 at 273 K, 293 K and 313 K. (b) Kr adsorption isotherms for Ce-SINAP-1 at 273 K, 293 K and 313

K. (c) Ar adsorption isotherms for Ce-SINAP-1 at 273 K, 293 K and 313 K. (d) Xe adsorption isotherms for Ce-SINAP-1 at 293 K before and after 20
kGy of y-ray irradiation. (e) The isosteric heat of adsorption (Qg) values of Xe, Kr and Ar calculated from adsorption isotherms on Ce-SINAP-1
from 273-313 K. (f) Calculated IAST selectivity for a binary Xe/Kr mixture (v/v = 20/80) and Xe/Ar mixture (v/v = 1/99) of Ce-SINAP-1 at 293 K.

disappeared, which revealed that a phase change occurred in
the crystal and the structure collapsed (Fig. S57).

The porosity character of the framework was analyzed
through N, sorption experiments at 77 K in a liquid nitrogen
bath. A typical type-I adsorption isothermal curve and an
apparent BET surface area of 459.4 m* g~ were obtained, which
exhibited microporous characteristics of Ce-SINAP-1. The N,
uptake capacity was 134.7 and 124.7 mL g~ ' before and after y-
ray irradiation at 77 K (P/P, = 1) (Fig. 2). The BET of Ce-SINAP-1
after 20 kGy of y-ray irradiation was 431.9 m* g~ ", slightly lower
than that before the y-ray irradiation (Fig. S61). These results

© 2021 The Author(s). Published by the Royal Society of Chemistry

indicated that Ce-SINAP-1 is a sufficient adsorbent candidate
for the radioactive off-gas treatment of nuclear facilities. The
pore size distribution of Ce-SINAP-1 ranged from 0.46 to
1.04 nm (Fig. S77), which nearly corresponded to the single-
crystal structure.

Single-component sorption isotherms (including adsorption
and desorption isotherms) of noble gases (Xe, Kr and Ar) were
obtained under 273 K, 293 K and 313 K in the pressure range
from 0 to 100 kPa (Fig. 3a-c, S8-S107). The three noble gases
adsorption isothermal curves presented a single-site Langmuir-
Freundlich profile with a steep slope at low pressures (Table

RSC Adv, 2021, 11, 30918-30924 | 30921
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Fig. 4 Breakthrough curves with Ce-SINAP-1 under mixture gas (Kr,
Xe, Ar) at 293 K and 1 atm.

S3t). At 100 kPa, Ce-SINAP-1 demonstrated Xe adsorption
capacities of 2.32, 2.02 and 1.68 mmol g~ ' at 273 K, 293 K and
313 K, respectively. Kr and Ar uptake capacity were 0.68 and
0.27 mmol g~ at 293 K and 100 kPa. The Xe uptake was three
times higher than Kr at 293 K, which revealed that the
adsorption affinity was stronger between the material and Xe.
Beside the N, sorption and BET tests, the Xe isothermal curve
was another way to prove the radiotolerance of the material. The
Xe uptake curve after 20 kGy of y-ray irradiation was consistent
with the original samples (Fig. 3d).

The isosteric heat of adsorption (Qg) was calculated using
the Clausius-Clapeyron equation to evaluate the adsorption
affinity between the noble gases and the MOF according to the
isothermal curves at three different temperatures. The Qg value
of Xe near zero-coverage for Ce-SINAP-1 was estimated to be
24.2 kJ mol™*, higher than those of Kr (17.8 kJ mol ') and Ar
(9.4 kJ mol ") (Fig. 3e). Therefore, the isosteric heat of adsorp-
tion values indicated that the extent of attraction for Xe in this
material was stronger than those for Kr and Ar at low pressures.

Henry's constant represents the partition of the adsorbate
between its bulk phase and adsorbed phase at low pressures
according to the slope of the isothermal curves; it is used to
evaluate the selectivity among various noble gases.”> Henry's
constants for Ce-SINAP-1 were 6.76, 0.82 and 0.23 mmol g *
bar~" for Xe, Kr and Ar at 293 K, respectively. The Xe/Kr selec-
tivity based on Henry's constants was 8.2 (Fig. S11-S13, Table
S4+t), higher than that reported for typical porous materials (e.g:,
Ui0-66).

The basis of single-component noble gas adsorption
isothermal curves, ideal adsorbed solution theory (IAST) was
used to determine the Xe/Kr and Xe/Ar selectivity. The IAST Xe/
Kr selectivity of Ce-SINAP-1 for a 20 : 80 Xe : Krand 1 : 99 Xe : Ar
binary gas mixture at 293 K were 14.9 and 36.9 at low pressure
loading, respectively (Fig. 3f).

The dynamic adsorption with ternary gases was performed to
moderate the off-gas treatment condition in TMSR-LF. Argon
was used as the carrier gas, and the radioactive Kr and Xe were
swept from the reactor to the off-gas treatment system. The
breakthrough experiment was conducted using a gas mixture
(5 ppm Kr, 50 ppm Xe, and Ar > 99.999%) at 293 K at a total flow
rate of 2 mL min~". The concentration of Kr was first recorded
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by a pulsed discharge detector (PDD) in the gas chromatograph
after 23 min, and Xe began to elute through the packed bed
until 35 min (Fig. 4), indicating a high Xe/Kr separation in the
argon atmosphere through Ce-SINAP-1.

The interaction between the MOF and Xe was due to several
main factors, including the entrance size and inner volume of
the pores, the open-metal sites and polar groups as -O and -OH.
Beside the experimental results, the state density of Xe in Ce-
SINAP-1 was used to explain the interaction among those
elements in the structure (Fig. S151). The state density signal of
Xe in Ce-SINAP-1 arose in the energy range from 5 to 7 eV, which
was dominantly contributed by C atoms and secondly by Ce
atoms. C atoms and Ce atoms are the main parts of the
framework of Ce-SINAP-1 including the pore entrance and
cages. The lack of open-metal sites and extra polar-groups
prompted the narrow entrance window of Ce-SINAP-1 func-
tionalizing as a sieve for noble gases with different dynamic
diameters by the van der Waals force.

Conclusions

A novel MOF Ce-SINAP-1 was synthesized, which exhibited
a satisfactory performance in the adsorption and separation of
Xe over Kr and Ar. The Xe uptake was 2.02 mmol g~ at 293 K
under 100 kPa. The Henry's selectivity of Xe/Kr and Xe/Ar were
8.24 and 29.39 at 293 K, respectively. This performance could be
attributed to the narrow windows and pore volume in this
framework. Moreover, Ce-SINAP-1 exhibited a favorable y-ray
radiation resistance with 20 kGy, suggesting that it can be
a competitive candidate for the removal and recycling of
radioactive Xe in the off-gas treatment systems of nuclear power
plants.
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